Abstract
Introduction
Submerged aerated filters (SAFs) are well established technologies in treatment of domestic and municipal wastewaters, often used an alternative to conventional biologically aerated filters (BAF) (Moore et al., 2001; Moore et al., 1999) . SAF reactors are widely used for secondary and tertiary treatment, with configurations such as upflow, downflow or a 5 combination, when internal recirculation is used (Khoshfetrat et al., 2011; Gálvez et al., 2003) . SAF reactors are typically arranged in a series of Cells, with internal dividing baffles to increase treatment efficiency and encourage segregation of heterotrophic and nitrifying processes (Hu et al., 2011) . The biofilm grows on a plastic support media, which is submerged in wastewater and can be either, structured or random packed. Media specific 10 surface areas range from 150 to 1200 m 2 .m -3 with SAFs most commonly using 150 to 600 m 2 .m -3 (Khoshfetrat et al., 2011; Hu et al., 2011) . Aeration of the submerged media is provided by coarse or fine bubble diffusers. Coarse bubble diffusers are often selected over fine, due to the shearing of air bubbles when in contact with the media, which generates a larger mass transfer surface area, similar to that of fine bubbles (Rusten, 1984; Hodkinson et 15 al., 1998) . In SAFs with static media contaminant diffusion into the biofilm occurs from a combination of forward fluid velocities (V f ) and circulatory mechanisms influenced by aeration.
Internal fluid velocities within SAF reactors have a direct influence over process performance, with high velocities increasing biofilm detachment and washout potential 20 (Burrows et al., 1999) . In contrast, low velocities increase solids retention, causing media blinding and reduction in mass transfer efficiency (Priya and Ligy, 2015) . Airlift reactors use aeration and a fraction of the flow is constantly recirculated to maintain a stable biofilm thickness. Airlift reactors have two zones, an inner aeration column and an outer draft space.
The inner aeration column is raised a nominal distance from the bottom of the reactor. When aerated, a density difference occurs between inner aeration column and draft space, causing fluid movement through the draft space and into the aeration column (Kilonzo et al., 2006) .
Therefore changes in draft space baffle position can be used to control recirculation flowrate (Benthum et al., 2000) . In fixed film bioreactor engineering, directional fluid movement is typically assumed though strategic aeration described by Rusten et al. (2006) .
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At high volumetric loadings SAFs suffer from flow shortcutting, therefore it is important to study hydrodynamic properties for optimisation of flow regimes. Biofilm diffusion and dispersion characteristics are influenced by SAF hydrodynamics. This is defined by three parameters; firstly mass transport efficiency (dispersion/advection);
secondly mass transfer efficiency (aeration) and thirdly diffusive mass transfer (bulk flow to 10 biofilm). Many studies have been performed using estimations of Peclet number (Pe), axial dispersion coefficients (D), dispersion number (d) and Reynolds number (Re) to describe mass transport and transfer dynamics in biofilm reactors (Stevens et al., 1986; Romero et al., 2011; Lamia et al., 2012) . Application of these methods would offer insight into how fluid moves and the mass transport dynamics of SAF reactors (Rexwinkel et al., 1997) .
15
In many applications upflow and airlift SAF reactors are preferred due to improved fluid circulation, however the hydrodynamics are not yet fully understood (Pedersen et al., 2015) . Most research on SAFs focuses on process efficiency by using variations in the influent wastewater, volumetric and aeration loadings, without considering the internal hydrodynamics conditions (Gálvez et al., 2003; Albuquerque et al., 2012; Bibo et al., 2011) .
20
The impact of media fill ratio, internal recirculation, internal baffles, aeration rates and biofilm growth on the media is often excluded from SAF design practices, with commercial design, following a 'black box' approach. The importance of hydrodynamic conditions is investigated in a limited number of studies to date.
4
Tracer studies are the most established method for analysing reactor hydrodynamic and mixing behaviours. Levenspiel, (1999) completed key research in the application and analysis of tracer studies, establishing many of the parameters used to define hydrodynamic and mixing characteristics in bioreactors. Tracer studies are generally applied to diagnose adverse hydrodynamic conditions in underperforming plant. For example, Christianson et al.
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(2013) used bromide tracers, in conjunction with dissolved oxygen (DO) and nitrate analysis to analyse the internal hydraulics of denitrification bioreactors, proving that hydrodynamic performance related to volumetric utilisation within the reactor.
The aim of this research is to investigate the relationship between aeration, media fill ratio and the biofilm to analyse their influence on SAF process performance. Tracer studies
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were used to investigate internal fluid velocities, mixing and dispersion characteristics. SAF process performance was evaluated by analysing BOD 5 , NH 4 + , total suspended solids (TSS), volatile suspended solids (VSS) and turbidity (NTU) for the duration for the study. 
Materials and methods

Pilot plant
A SAF pilot plant with a total volume of 7.74 m 3 housed two equal Cells: 0.9 m (L) x Bedford, UK. The SAF pilot plant was fed with secondary effluent, processed through secondary trickling filters for BOD 5 removal. The wastewater fed to the SAF was delivered by a 0.5 kW, variable speed driven centrifugal pump, calibrated by a fluid velocity probe. at real time using the fluorometer turbidity channel, calibrated to a standard solution of Rhodamine WT at 5 mg.l -1 .
6 Figure 1 . Schematic representation of the SAF used to investigate the influence of aeration, media fill ratios, and biofilms on process performance. (Teefy, 1996) . The tracer was injected into the inlet pipework, using 20 ml syringe with 18 gauge hypodermic needle. Tracer tests on the SAF with, and without biofilm growth, used a full Tracer studies without biofilm growth were performed with fluorometers positioned within the draft space of both Cells, as detailed in Figure 1 . This was done to ensure that the combined flow, including recirculation, was accounted for in the experiments. Each test started with background fluorescence measurement for 1 hr, after which the tracer was 15 injected directly into the inlet pipework, as a pulse, over five seconds, which (Teefy, 1996) for BOD 5 , in accordance with studies by (Peladan et al., 1997) and (Water Environment 5 Federation, 2010) . Two replicate tracer tests were performed at 100, 75, 50, and 25% media fill ratios. Injection methods, background fluorescence methods and calculation of (V f ) remained the same as SAF without biofilm growth tracer described above. The only difference was extension of the testing period to 13 h to fully account for any tracer retention in stagnant areas of the biofilm on RTD curves as described by Zeng et al., (2013) . 
Where t is time, C(t) is tracer concentration with respect to t, and is the mean residence 10 time, based on the tracer response (Levenspiel, 1999) (Equation 1).
Where (min -1 ) is the spread of the RTD, based on the tracer response within the reactor 15 and defining the back-mixing efficiency. Therefore large values (>4000) show elongated tracer curve, with an even distribution over the RTD curve. Low (<1500) values indicate a large peak on the RTD and thus slewing the variance (Teefy, 1996) (Equation 2).
Where n-CSTR , is the number of continuously stirred tank reactors (CSTR) in series. When n-CSTR = 1, the bioreactor is considered an efficient CSTR, a n-CSTR > 1 indicates hybrid behaviour between a CSTR and plug flow reactor (PFR), and n-CSTR = 30, indicates an ideal PFR (Burrows et al., 1999) (Equation 3).
= (Equation 4)
Morril dispersion index (MDI) is based on the probabilistic tracer elution from a reactor, with 90% (P 90 ) and 10% (P 10 ). A value of 2 or less is considered an efficient PFR, and 22 a CSTR (Tchobanoglous et al., 2003) (Equation 4).
Where V e the volumetric efficiency of the reactor that provides estimation of the actively mixed zone within a reactor (Tchobanoglous et al., 2003 ) (Equation 5).
Where is the normalised variance for a closed vessel, based on fluid entering and exiting the SAF under laminar flow conditions. It is the inverse of n-CSTR and typically used in conjunction with Equation 7 (Levenspiel, 1999) (Equation 6).
Where D is the axial dispersion coefficient, L is the characteristic length over which dispersion occurs and u the velocity. As in Equation 6 is used as the basis for iterative 20 calculations for estimation of the axial dispersion coefficient D (Levenspiel, 1999) (Equation 7).
Where P e is the Peclet number that defines the mass transport mechanism, either dispersion or advection (Molecular diffusion or flow transportation). Values greater than 1 indicate advection, and less than 1 dispersion (Doran, 2013) (Equation 8).
Where d is the inverse of Pe representing the extent of dispersion in the bioreactor (Tchobanoglous et al., 2003) (Equation 9).
. .
(Equation 10)
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Where Re is the Reynolds number, Sh is the Sherwood number and Sc is the Schmidt number, used to characterise flow dynamics in the horizontal plane (Zhu and Chen, 2001 ) (Equation 10). 
Results and discussion
Tracer tests on SAF without biofilm growth
Tracer tests were completed without biofilm growth to investigate the influence of internal (Table 2, 4c ). Tracer peaks in Cell 1 occurred shortly after entry (6.16 min), with sharp tracer peaks lasting one sample period (10s). The RTDs differ from that observed in other studies (Zeng et al., 2013; Seifert and Engesgaard, 2007; Ahnert et al., 2010) , where RTDs approached Gaussian , without aeration, internal grids or media (a) and with 100% media fill ratio, internal grids and aeration at a rate of 21.85
In tracer study 2c (Table 2) shortcutting, reducing tracer retention within the SAF Cells. This also agrees with the tracer travel time (T t ), which was lowest of all tracer studies at 27 min and V f at 2.3 m.h -1 (Table 2) .
MDI showed a further shift toward an ideal PFR (MDI = 1) conditions at 1.74 and 1.72 for Cell 1 and 2 respectively (Tchobanoglous et al., 2003) . In tracer study 3c, the SAF was operated with aeration, internal grids, but without media. Values for were still below τ by 16 min and 57.5 min for Cell 1 and 2 respectively, meaning internal grids improved tracer retention from tracer study 2c ( 
Tracer tests on SAF with biofilm growth
Tracer tests were also completed when the media was fully colonised with biofilm, to investigate influence of biofilm on SAF hydrodynamics and demonstrated in RTDs ( Figure   3a and b). Fluorescence measurements were collected from exit of Cell 1 and 2 (Figure 1) , with Figure 3a showing RTDs curves for the SAF was fed continuously, with aeration,
5
internal grids and 100% media fill ratio and Figure 3b the SAF operated with aeration, internal grids and 25% media fill ratio. The tracer peak in Cell 1 in (Figure 3a ) occured shortly after tracer entry (2.66 min) lasting one sample period, whereas Figure 3b shows elimination of the sharp tracer peak, occurring at (12.66 min) and a more balanced distribution over the RTD. This is similar to observed by Davidson et al., (2008) and Stevens 10 et al. (1986) in tracer studies of fluidised bed sand filters. As media was removed from 75 to 25% the media progressively fluidised with complete fluidisation occurring at 25% media fill ratio.
From the RTDs produced, hydrodynamic and dispersion parameters were calculated (Table 3 ). In tracer study 1b (Table 3) In tracer study 2b the SAF was operated with aeration, internal grids, 75% media fill ratio and biofilm on the media surface. Values for was below τ by 29 min in Cell 1 and 19 min in Cell 2. Therefore, although flow shortcutting occurred in Cell 1, the media circulation at 75% media fill ratio reduced the differential between and τ in Cell 2. This is also demonstrating lowest axial tracer movement. Re showed the lowest values of all studies at 620 and 642 for Cell 1 and 2 respectively, meaning it is seemingly laminar due to the reduction in V f and media entrainment.
In tracer study 3b the SAF was operated with aeration, internal grids, 50% media fill ratio and biofilm on the media surface. The value of exceeded τ by 68 min in Cell 1 and 69 5 min in Cell 2 (Table 3) . Therefore, tracer retention increased and was consistent across both Cells, indicating prolonged biofilm contact. This was also evident in σ 2 , which increased significantly from 11103 to 29917 min -1 from Cells 1 to 2. MDI displayed similar values, close to ideal PFR characteristics, in both SAF Cells, indicating balanced hydrodynamic conditions (Tchobanoglous et al., 2003) . The V e showed the largest value of all studies in Cell 
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Re increased slightly from tracer study 2b to 754 and 751 for Cell 1 and 2 respectively, demonstrating similar internal resistance. In tracer study 4b, the SAF was operated with aeration, internal grids, 25% media fill ratio and biofilm on the media surface. Values of exceeded τ by 43 min in Cell 1 and 17 min in Cell 2, which is a significant reduction from tracer study 3b (50% media fill ratio). (Table 3) . Moreover σ 2 increased to 9113 in Cell 2, demonstrating that media reordering reduced recirculation resistance within the SAF and Qr increased, along with tracer retention.
5 Figure 4 . Influence of aeration rate (Q a ) on the SAF internal recirculation (Qr -volumetric recycle flowrate) on the SAF with 100% media fill ratio ( ), 75% media fill ratio ( ), 50% media fill ratio ( ) and 25% media fill ratio ( ). The SAF was fed at 2.5 ±0.07 m 3 .h -1
, and aerated at between 21.85 and 43.7 m 3 .h -1
.Cell -1 . Fluorometers were mounted vertically within the draft space for Cell 1, 1.5m apart.
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Moderate media fluidisation occurred at 50% media fill ratio, with increased media element collisions and velocities of 0.301 m.s -1 ( respectively for Cell 1 (Table 3) . Therefore media elements provided little resistance to upward aeration velocity and thus the recirculation rate increased. This aligns with the findings of Wang et al., (2005) , who investigated aeration requirements for media element fluidisation. With the exception of 75% media fill ratio (Figure 4 ), which showed a linear relationship, all other media fill ratios displayed exponential curves. Therefore predictions of 5 Qr can be made by inputting Qa into the equations shown in Table 4 . 
Effect of media fill ratio on process performance
When the SAF reached stable operation the process performance was investigated for each media fill ratio tested ( Figure 5 ). Figure 5a shows the influence of media fill ratio on BOD 5 and NH 4 + removal efficiencies and Figure 5b shows the organic loading rate for each 15 media fill ratio. At 100% and 25% media fill ratio removal efficiency for BOD 5 was 79 and 78% respectively (Figure 5a ). However 50% media fill ratio the SAF encountered the highest organic loading rate at 3.13 kg. (Table 3 ). This agrees with Wang et al., (2005) , where 50% media fill ratio is defined as optimum and 73% COD removal was observed. 
10
At 100% and 50% media fill ratio the SAF achieved the highest NH 4 + removal efficiencies of 60 and 66% respectively (Figure 5a ). On the other side, the removal efficiency was reduced to 60% at 100% media fill ratio, the elevated organic loading rate of 0. (Table 2) . Moreover, both cells presented a mean residence time remained less than the 5 HRT and was similar to that shown at 100% media fill ratio when the media bed was static (Table 2 ). This again agrees with Wang et al. (2005) that investigated the influence of support media fill ratio in suspended carrier biofilm reactors. A media fill ratio of 50% was found to be optimum for removal of chemical oxygen demand (COD) with efficiencies of 73%, whilst a >70% media fill ratio for NH 4 + , was crucial to achieve 52% NH 4 + removal. Rusten et al., 10 2006 investigated the effect of media fill ratio on treatment efficiency in moving bed biological reactors (MBBRs), concluding that <70% as the optimum media fill ratio for NH 4 + removal. Similarly Pedersen et al., 2015 , compared the removal of (NH 4 + ) in fixed and moving media bed reactors, concluding that static media beds offered significant advantage over moving beds, providing protection of nitrifying bacteria in the biofilm.
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It was evident that 25% media fill ratio suffered bacterial detachment due to the low surface charge of and hydrophilic nature of nitrifiers (-0.05 to -0.07 meq.g -1 VSS) (Basuvaraj et al., 2012) . Moreover the low surface adhesion force of polypropylene media surface (10.5nN) , recorded by Stephenson et al., (2012) , would have reduced re-attachment of nitrifying bacteria. Therefore resulting in a reduction of NH 4 + removal efficiency to 49%. 
Influence of aeration on biofilm scouring
When the SAF reached stable operation, turbidity (NTU) was recorded for each media fill ratio as the aeration rate was increased from 21.8 to 43.7 m 3 .h -1
.Cell -1 . This was performed to measure the influence of aeration on biofilm detachment. Figure 6a shows the 25 25 influence of aeration rate on turbidity in Cell 1and Figure 6b in Cell 2. At 100% media fill Table 5 shows the VSS/TSS ration in Cell 1 and 2 but no significant differences were found, indicating that 10 turbidity measurements give slightly different information, as this technique is able to measure finer solids. For a 100% media fill ratio VSS/TSS ratio was 0.85 and 0.86 for Cell 1 and 2 respectively, which was the lowest of all studies, but comparable with activated sludge which operates between 0.7 to 0.85 (Sperling., 2007) .
When the SAF operated with a 75% media fill ratio and aeration rate of 21.8 m 3 .h -15
1 .Cell -1 , Cell 1 showed a slight increase in turbidity from 100% media fill ratio at 333 NTU (Figure 6a ). Turbidity increased as it passed from Cell 1 to 2 from 333 NTU to 846 NTU respectively at an aeration rate of 21.8 m 3 .h -1 .Cell -1 , indicating scoured material accumulated in Cell 2 (Figure 6b ). The VSS/TSS ratio at 75% media fill ratio shown in Table 5 for increased to 0.88 in both Cells from 100% media fill ratio, demonstrating an increase in 20 scoured and sloughed material related to the media re-ordering.
A linear increase in turbidity was seen at 50% media fill ratio from 305 to 521 NTU, as aeration rate was increased from 21.8 to 43.7 m 3 .h -1 .Cell -1 (Figure 5a ). Therefore air scouring was inefficient and scoured bacterial material was seen to accumulate in Cell 1. The most significant change of all studies occurred in Cell 2 at 50% media fill ratio in, whereby 25 turbidity increased from 527 to 1800NTU as aeration was increased from 21.8 to 43.7 m 3 .h -1 .Cell -1 (Figure 6b ). This agrees with other studies, where heterotrophic bacteria have with their high growth rates, compared to slow growth rate nitrifying bacteria, produced a larger mass of inactive bacterial material (Basuvaraj et al., 2012; Zinatizadeh and Ghaytooli, 2015) . 
27
A linear increase in turbidity was seen at 25% media fill ratio turbidity from 800 to (Figure 6a ). At 25% media fill ratio the VSS/TSS ratio increased from 50% media fill ratio to 0.89 in both Cells, hence the suspended, active fraction of the biomass had increased.
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This agrees with Jianlong et al., (2000) in experiments on bioreactors where the largest combined concentrations of VSS occurred between 22.5 and 30% media fill ratio. Therefore MLVSS would be a relevant measure SAF performance at media fill ratios below 50%. As identified by Burrows et al., (1999) 
DO and temperature
DO and temperate were measured for the influent and effluent from both Cells. Preaeration from up-stream trickling filters and fluid agitation in the SAF feed meant influent DO ranged from 7.8 to 9.8 mg.l -1 , dependent on influent temperature. At 100% media fill 20 ratio the largest consumption of O 2 occurred across Cell 1, with a reduction from 9.77 to 8.68
mg.l -1 (Figure 7a ). Across Cell 2 DO increased to 9.69 mg.l -1 , indicating a lower DO demand.
Influent temperature was 14 o C at 100% media fill, impacting on O 2 solubility (Doran, 2013) .
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When the media re-ordered at 75% media fill ratio the lowest influent DO occurred at 7.83 mg.l -1 , but again Cell 1 showed the greatest O2 consumption (Figure 7a ). The most significant change in DO occurred at 25% media fill ratio in Figure 7a , where a steep linear increase from 9.26 mg.l -1 in the influent, to 10.07 mg.l -1 across Cell 1 and 11.59 mg.l -1 across Cell 2 occurred, which is close to O 2 saturation of 12.05 mg.l -1 (Doran, 2013) . The largest Qr 5 at 25% media fill ratio was observed at 43.6 m3.h -1 (Figure 4) 
Conclusions
Internal hydrodynamics directly influences the performance of SAF reactors which in turn influence fluid retention, dispersion and mass transport. Ultimately these parameters affect mass transfer of O 2 into wastewater and diffusion of soluble organics and NH 4 + into the 10 biofilm.
RTD experiments correlated with process performance studies, identifying 100% media fill ratio as the optimum for NH 4 + removal and 50% for BOD 5 removal. It was clear from the results that dispersion and tracer retention characteristics, were governed by SAF geometry, media fill ratio, aeration rate, which in-turn influenced the proportion of active 15 biomass. Internal recirculation rate was influenced by media fill ratio, which also affected the efficiency O 2 mass transfer with 100% media fill ratio having the largest DO demand. The turbidity experiments identified an accumulation of sloughed and scoured particularly at 50% media fill ratio in Cell 2, when as aeration as increased to 43.7 m 3 .h -1 .Cell -1 the turbidity increased to 1800 NTU.
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This research has identified a number of areas to increase knowledge on SAF processes. These areas include analysis of biofilm architecture and morphology in SAF processes to identify favourable fluid velocities for carbonaceous and nitrifying SAF processes. Monitoring internal hydrodynamic conditions and process performance provides far reaching benefits and when used as a diagnosis tool for underperforming SAF processes,
25
informed process changes can be made and initial process design enhanced.
